and additive rates (2.2, 8.8, and 17.6 kg K ha −1 ) on glyphosate-resistant soybean response and weed control. Field experiments were conducted at Novelty and Portageville with high soil test K and weed populations and at Malden with low soil test K and weed populations. At Novelty, grain yield increased with fertilizer additives at 8.8 kg K ha −1 in a high-yield, weed-free environment in 2004, but fertilizer additives reduced yield up to 470 kg ha −1 in a low-yield year (2005) depending on the K source and rate. At Portageville, K-fertilizer additives increased grain yield from 700 to 1160 kg ha −1 compared to diammonium sulfate, depending on the K source and rate. At Malden, there was no yield response to K sources. Differences in leaf tissue K (P = 0.03), S (P = 0.03), B (P = 0.0001), and Cu (P = 0.008) concentrations among treatments were detected 14 d after treatment at Novelty and Malden. Tank mixtures of K-fertilizer additives with glyphosate may provide an option for foliar K applications.
Introduction
Soybean (Glycine max (L.) Merr.) was produced on over 2 million hectares in Missouri and over 87% of the crop was planted to herbicide-resistant cultivars in 2004 [1] . Glyphosate-resistant cultivars allow farmers to apply glyphosate-based products for broad-spectrum post-emergence weed control. Similarly, more than 80% of U.S. soybean hectares are glyphosate resistant, which has saved farmers an estimated $1.2 billion in production costs [2] . Spray additives have been utilized with glyphosate to enhance biological activity and overcome antagonism that salts cause in the spray carrier [3] [4] [5] . Potassium was one of the least antagonistic cations evaluated while few anions antagonized weed control with glyphosate [6] . Recent formulation developments include the introduced potassium salts of glyphosate [7] [8] [9] ; therefore, the opportunity to utilize a potassiumbased fertilizer additive may have synergistic interactions.
Potassium is essential to plants, as it increases drought tolerance, stem strength, and plant growth. Potassium is made available to plants primarily by soil diffusion processes controlling K movement to the root surface. Soil water content is a key factor influencing the diffusion rate, and so drought conditions may result in limited K uptake. The incidence of K deficiency has increased in recent years for several reasons. These include reduced K availability under drought conditions, areas with compacted soil, reduced K fertilizer applications for soybean, the increased cost of K fertilizer, and increased K fertilizer requirements in cases of higher corn grain yields and increased soybean acreage in rotation with corn [10, 11] . In soil test K data from the University of Missouri Soil and Plant Testing Laboratory, more than 50% of the samples were in the low to medium range [12] . These data indicate that nearly 1 million soybean hectares in Missouri either have been experiencing yield loss due to low K levels or could be at risk of yield loss. Several studies have evaluated soybean response to foliar fertilizer mixtures [13] [14] [15] [16] [17] [18] . However, limited research has evaluated interactions between macronutrient foliar fertilizers and weed control with postemergence (POST) herbicides [16, 19, 20] . Combining a fertilizer source with a herbicide provides a practical opportunity to control weeds and fertilize the crop. A foliar application of K sulfate at 18 to 36 kg K ha −1 when soybean was at the V4 and R1-R2 stages of development [21] increased yield from 400 to 750 kg ha −1 compared to a nontreated or MgSO 4 control; it also increased gross margins up to $18/ha [22] . However, differences in commonly-recommended carrier volumes and herbicidefertilizer compatibility could limit the potential for coapplying K and glyphosate. When K fertilizer sources were evaluated for compatibility as the carrier with glyphosate, weed control was reduced when 0-0-25-17 (%N-%P 2 O 5 -%K 2 O-%S) and 5-0-20-13 were applied at 43 and 32 kg K ha −1 , respectively [20] . High application rates of 3-18-18-0 (30 kg K ha −1 ), 0-0-25-17 (43 kg K ha −1 ), and 5-0-20-13 (32 kg K ha −1 ) were a good source of K fertilizer, but were not economically feasible. The probability of an economical yield response increases if the fertilizer source is compatible with a postemergence herbicide such as glyphosate [16] . Therefore, research was needed to evaluate coapplication of K fertilizers and glyphosate for crop response and weed control compatibility. The objective of this study was to determine the impact of K fertilizer source and application rate on soybean injury, weed control, tissue nutrient concentration, and grain yield when applied alone and tank-mixed with glyphosate. [21] , which was approximately 7 to 10 d prior to the R1 stage of development. A DAS treatment was included because it is commonly added to glyphosate (N-(phosphonomethyl)glycine) to reduce the antagonistic effects of hard water on weed control [4, 6] . All glyphosate treatments included nonionic surfactant (Activator-90, a mixture of alkyl polyoxyethylene ethers and free fatty acids, Loveland Industries Inc., P.O. Box 1289, Greeley, CO) at 0.25% v/v at Novelty and 0.5% v/v at Portageville and Malden. Foliar fertilizer treatments were applied in the absence of glyphosate to plots that were maintained weedfree or sprayed as a mixture with glyphosate (formulated as Roundup Original, Monsanto Co., St. Louis, MO) at 0.84 kg ae ha −1 to plots with weeds at all locations. At
Materials and Methods
Portageville and Malden, a two-pass weed management program included a blanket application of glyphosate followed by the foliar additives alone or tank-mixed with glyphosate. Weed species at Novelty (Table 3) and Portageville (Table 4) were 15 to 30 cm tall with densities from 40 to 200 m −2 at the time of application. Because weeds were nearly nonexistent at the Malden site, with densities less than one weed m −2 , weed control was not evaluated at this site.
Foliar salt injury was rated on a scale of 0 (no effect) to 100% (complete crop or weed death). Injury was rated 3, 7, [22] . Leaves were dried at 60 to 70
• C for 48 h in a forced air oven, weighed, and ground in a Wiley Mill (Swedesboro, NJ) to pass through a 1 mm-sieve. Leaf samples were digested for N, P, K, Ca, Mg, Mn, Fe, Cu, and Zn using a modified wet acid dilution procedure [24] . The leaf samples were dried at 100
• C, ground, and digested with a Hach Digesdahl (Hach Company, Loveland, CO) using H 2 SO 4 and H 2 O 2 . Tissue concentrations of K, Ca, Mg, Mn, Fe, Cu, and Zn were determined using an atomic absorption spectrophotometer (Perkin-Elmer, Wellesley, MA) [24] . Phosphorus was determined colormetrically [25, 26] with a spectrophotometer (Genesys 10, Thermo Spectronic, Rochester, NY). Sulfur and B were determined on dry-ashed samples taken up in 0.1 M HCl using ICP spectroscopy.
A biomass harvest of individual weeds from two 38-by 76-cm quadrats was collected 28 DAT to determine weed control at Novelty. Percent dry weight reduction was calculated as 100 * [1−(total weed dry weight/nontreated weed dry weight)]. At Portageville, weed control for individual weed species was visually evaluated 21 DAT on a scale of 0 (no effect) to 100% (complete plant death). The Malden site had been in rice production, and weeds were nearly nonexistent, so weed control was not evaluated or reported in 2004 or 2005. Grain was harvested with a small plot combine (Kincaid Equipment Manufacturing, P.O. Box 400, Haven, KS 47543) and moisture adjusted to 130 g kg −1 before analysis. Grain samples were collected from the Novelty and Malden sites and analyzed for protein and oil concentration with near-infrared spectroscopy (Foss Infratec 1241 Grain Analyzer, 8091 Wallace Rd., Eden Prairie, MN).
An analysis of variance was conducted using PROC GLM [27] and subjected to an F Max test for homogeneity [28] . Data were combined over years and locations when variances were homogenous or when interactions were not observed. Visual injury and weed control data were transformed to the arc sine before ANOVA. Because this transformation did not affect conclusions, original means were reported. Individual treatment differences were determined using Fisher's Protected LSD at P = 0.01. Quadratic regression analysis was performed using best-fit analysis determined with SigmaPlot (Vers. 8.02, SPSS Inc., Chicago, IL). Significance was determined using PROC REG [27] .
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Results and Discussion

Soybean Injury and Weed
Control. Soybean injury was primarily necrosis of leaves exposed to the foliar applications of fertilizer additives (visual observation). Glyphosate alone caused minimal (<2%) foliar injury (Tables 3 and 4) . Glyphosate may cause injury to glyphosate-resistant soybean in some instances and formulations, but injury is usually minimal, short, and the plant outgrows these effects [29, 30] . At Novelty 3 DAT, injury from foliar fertilizers applied alone or in tank-mixture with glyphosate was less than 6% (Table 3 ). All plants with leaf injury recovered and had no visual symptoms 14 DAT (data not presented). This was similar to other research evaluating higher rates (from 17.5 to 43 kg ha −1 ) of these products [20] . All treatments except 5-0-20-13 at 17.6 kg ha −1 applied alone in 2005 injured soybean less than 10% 14 DAT at Portageville (Table 4) , with nearly complete recovery (<5% injury) 21 DAT (data not presented). At both locations, injury generally increased as the fertilizer rate increased in the presence or absence of glyphosate. High rates (17.6 kg ha [31] . Foliar fertilization in soybean may cause leaf damage that subsequently reduces grain yield in some instances [17, 20, 32, 33] .
Glyphosate plus 0-0-62 at 8.8 and 17.6 kg ha −1 , 3-18-18-0 at 2.2 and 8.8 kg ha −1 , and 5-0-20-13 at 2.2 kg ha −1 controlled weeds greater than 90% at Novelty 28 DAT (Table 3) . At Portageville 21 DAT, all treatments except glyphosate plus DAS controlled Palmer amaranth, morningglory spp., and large crabgrass greater than 90% (Table 4 ). The K-fertilizer additives controlled weeds greater than or equal to DAS at Novelty and Portageville.
Leaf Nutrient Concentration.
Leaf samples were collected from the Novelty and Malden locations. Because no interactions appeared between the Novelty and Malden locations for 2004 and 2005, data were combined over the four site-years. There was no effect of fertilizer source in the presence or absence of glyphosate on Ca (P = 0.56), Fe (P = 0.40), Mg (P = 0.08), Mn (P = 0.72), P (P = 0.24), or Zn (P = 0.27) concentrations in soybean leaves 14 DAT (data not presented). However, differences in leaf tissue K (P = 0.03), S (P = 0.03), B (P = 0.0001), and Cu (P = 0.008) concentrations among treatments were detected. Soil test K levels were medium at Malden (290 kg ha −1 ) and high at Novelty (390 kg ha −1 ). However, leaf K concentration was sufficient, averaging 17.2 g kg −1 at Malden and 26.8 g kg −1 at Novelty [24] . Similarly, average S and B leaf tissue concentrations were in the sufficient range, but Cu was slightly below the sufficiency range of 10 to 30 mg kg −1 . Leaf K concentration increased 9% when 5-0-20-13 was applied alone when compared to the nontreated control (Table 5 ). All rates of 5-0-20-13 in the absence of glyphosate increased leaf tissue K concentration from 8 to 10% when compared to DAS. Similar increases in leaf tissue K concentration were observed when K 2 SO 4 was applied alone [22] . Fertilizers with varying N-P-K ratios seldom increased tissue N-P-K concentration at R2 for soils that tested at or above optimum soil P and K levels for soybean [15] . Tank mixtures of glyphosate with 0-0-25-17 at 2.2 g kg −1 or 5-0-20-13 at 8.8 g kg −1 reduced leaf K concentration from 8 to 9% when compared to the fertilizer additives applied alone. This might stem from a reduction in K uptake caused by the presence of weeds, as indicated by leaf K concentrations that were similar to the nontreated control and glyphosate tank-mixture treatments. However, increased K nutrient uptake and yields were observed when weeds competed throughout the growing season in snap bean (Phaseolus vulgaris) [34] . Soybean aphids (Aphis glycines Matsumura) were not observed in this research. However, fields with low soil and tissue test K show increased-abundance and rates of aphid population increase compared to medium and high soil test K treatments, a situation that farmers might need to manage [35] . In this research, soils with low test K levels also had low leaf tissue K, Ca, B, Mn, and Fe concentrations [35] .
Leaf S concentration was lowest (2.6 g kg −1 ) in the nontreated control. Leaf S concentration significantly increased with all fertilizer additives except 0-0-62-0 at 17.6 g kg
when applied alone or when 3-18-18-0 was applied at 2.2 or 8.8 g kg −1 with glyphosate. Higher leaf S concentrations were observed with fertilizer additives that did not include an S source. Thus, higher leaf S concentrations probably resulted from increased soil uptake caused by the fertilizer additive in a weed-free environment.
The highest leaf B concentration (42.0 mg kg −1 ) was in the nontreated control, which was similar to the weed-free control. Leaf tissue B concentration decreased when high rates (17.6 g kg greater in the weed-free when compared to the nontreated control. All fertilizer additive combinations with glyphosate had Cu concentrations similar to DAS. An application of 0-0-25-17 at 2.2 g kg −1 increased Cu concentration from 1.2 to 1.4 g kg −1 compared to the nontreated control or when combined with glyphosate. Leaf concentrations of Ca, Mg, and Mn decreased in nonglyphosate-resistant soybean while P and Cu concentrations increase [36] , but no known interaction between weeds or macro-and micronutrient tissue concentrations have been reported. Factors affecting leaf tissue nutrient concentrations 14 DAT included weed interference, fertilizer additive source, and additive rates.
Compared to the nontreated control, grain oil concentration for all fertilizer additive treatments was 7 to 10 g kg −1 higher, and protein concentration was 9 to 16.1 g kg −1 lower (P = 0.0001, data not presented). However, fertilizer additives had similar oil and protein concentrations when applied alone or tank-mixed with glyphosate (data not presented). In other research, physical injury to plants and stand loss affected grain oil composition [37] , but in this research effective weed control was essential for maintaining high grain oil concentrations regardless of the fertilizer additive. When applied at high rates, glyphosate affected nitrogen assimilation in glyphosate-resistant soybean, which subsequently reduced total oil concentration [38] ; however, no effect on leaf N concentration was observed in this study. (Figures 1(a) and 1(b) ) than in 2005 (low yield environment) (Figures 2(a) and 2(b) ). This was due to 135 mm-greater-precipitation in July and August (Table 2) , which probably caused a significant yearby-treatment interaction. The growing environment, including row spacing, latitude, weed species and density, cultivar, temperature, and rainfall (Table 2) , differed between Novelty and Portageville, which caused an interaction between these two sites with high weed populations. In general, the K additive treatments at Portageville (Figures 3(a) and 3(b) ) had grain yields similar to Novelty in 2005 (Figures 2(a)  and 2(b) ). But differing weed control programs-one pass at Novelty, two passes at Portageville-resulted in varied grain yield responses when K additives were applied to the weedfree control treatments compared to tank mixtures with glyphosate. In July and August, rainfall at Portageville and Malden was more consistent than at Novelty, which allowed data to be combined over years at the individual locations. The Malden site had a low soil test K (37 mg K kg −1 ) with average leaf K concentration of 17.2 g kg −1 . This is below the critical leaf K concentration (24.3 g kg −1 ) at R1 for optimal yield [39] . The low soil test K probably limited yield potential at this location.
Grain
Grain yield increased when fertilizer additives were applied to weed-free soybean at 8.8 kg K ha −1 at Novelty in 2004 (Figure 1(a) ), but in 2005 there was no grain yield response (Figure 2(a) ). In 2004 and 2005, there was no yield increase with fertilizer additives combined with glyphosate compared to glyphosate plus DAS (Figures 1(b) and 2(b) ). Glyphosate plus 0-0-62-0 at 17.6 kg ha −1 reduced grain yield 390 and 360 kg ha −1 when compared to glyphosate plus DAS and 0-0-62-0 at 17.6 kg ha −1 applied in the weedfree check (Figure 1(b) ). In 2005, K-fertilizer additives applied alone to weed-free checks (Figure 2(a) ) resulted in grain yields that were 340 to 940 kg ha −1 greater than a single application of glyphosate plus the fertilizer additive (Figure 2(b) ). The effect was primarily due to the impact of early weed competition on grain yields during a drier International Journal of Agronomy year (Table 2 ). This is one limitation of single-pass weed management, especially during years with low rainfall during seed development. A pre-emergence herbicide followed by postemergence glyphosate could be useful in dry years regardless of fertilizer additive. As the rate of K-fertilizer additives increased when tank-mixed with glyphosate, soybean grain yields decreased (Figure 2(b) ). Soybean grain yield was reduced 400 kg ha −1 when glyphosate was tank-mixed with 5-0-20-13 at 17.6 kg ha −1 when compared to glyphosate plus NIS, while 0-0-25-17 at 8.8 and 17.6 kg ha −1 reduced grain yields 470 and 400 kg ha −1 , respectively.
At Portageville, the weed-free treatments (Figure 3(a) ) had grain yields similar to the fertilizer additives with glyphosate ( Figure 3(b) ), with glyphosate plus 0-0-62-0 at 8.8 kg ha −1 yielding the most (Figure 3(b) ). All K additive treatments increased soybean grain yield from 700 to 1160 kg ha −1 compared to glyphosate plus DAS, except 5-0-20-13 at 8.8 and 17.6 kg ha −1 and 0-0-25-17 at 17.6 kg ha −1 . This was probably due to increased soybean injury caused by 5-0-20-13 and 0-0-25-17 (Table 4 ). Yield differences were also related to weed control since glyphosate plus DAS had the lowest control of Palmer amaranth, ivyleaf morningglory, and large crabgrass (Table 4) .
At Malden, no significant grain yield differences appeared among treatments (P = 0.81). However, 0-0-62-0 tended to increase grain yield at the 8.8 kg ha −1 rate in a weed-free environment (Figure 4(a) ), while all K additives except 3-18-18-0 tended to increase grain yield up to 17.6 kg K ha −1 when combined with glyphosate ( Figure 4(b) ). Although we did not evaluate soil test chloride, this site's flood irrigation and soybean-rice rotation might have elevated chloride levels. This has been reported in well-irrigated soybean fields in Arkansas where Cl toxicity reduced yield of certain soybean cultivars [40] .
Other studies found no soybean yield benefit when Ncontaining products were applied with glyphosate, and careful fertilizer selection was recommended because fertilizer additives with glyphosate may cause necrosis of the foliage and reduce grain yield [19] . In northern Missouri soybean using single-pass weed management, K-based fertilizer sources such as 3-18-18-0 at 2.2 and 8.8 kg ha −1 , 5-0-20-13 at 2.2 kg ha −1 , and 0-0-62 at 8.8 and 17.6 kg ha −1 tank-mixed with glyphosate controlled weeds greater than 90% (Tables  1 and 2 ), injured soybean less than 6%, and yielded grain similar to DAS while providing additional K fertilizer to the plant. However, in southern Missouri using two-pass weed management, weed control was excellent for all additives, and grain yields were similar or greater than glyphosate plus DAS. Some additive yield benefits were observed at Malden when combining glyphosate with K-fertilizer additives under low weed densities, but the benefits were not statistically significant.
Conclusion
A tank mixture of glyphosate with K-fertilizer additives may provide an economical option for a foliar K application. Using the correct fertilizer rate is key to minimize injury, maintain effective weed control, and maximize grain yield. Although some fertilizer additives increased concentrations of leaf tissue K, this did not always translate into a yield increase due to the combined effects of increased injury and reduced weed control. Combining K-fertilizers with glyphosate may help offset the application costs of separate fertilizer and herbicide applications; however, applications of K more consistently increased yield when weeds were controlled. Therefore, farmers may achieve more consistent responses using an overall program of pre-emergence herbicides followed by a glyphosate plus a foliar K-fertilizer, or combining a K-fertilizer with a fungicide application. Additional research is needed to understand the implications of foliar fertilizer selection and crop protection chemical 
